Thermal, Microstructural And Optical Characterisation Of Teo2-bao Glasses by Eşin, Cumhur
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
THERMAL, MICROSTRUCTURAL AND OPTICAL 
CHARACTERISATION OF TeO2-BaO GLASSES 
M.Sc. Thesis by 
Cumhur EŞİN, B.Sc. 
Department: Metallurgical and Materials 
Engineering 
Programme: Materials Engineering 
 
MAY 2005 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
 
M.Sc. Thesis by 
Cumhur EŞİN, B.Sc. 
(506031104) 
 
Date of submission:   9 May 2005 
  Date of defence examination: 31 May 2005 
 Supervisor (Chairman): Prof. Dr. Lütfi ÖVEÇOĞLU 
Members of the Examining Committee: Prof. Dr. Serdar ÖZGEN  
 Prof. Dr. Gönül ÖZEN  
  
  
 
MAY 2005 
 
THERMAL, MICROSTRUCTURAL AND OPTICAL 
CHARACTERISATION OF TeO2-BaO GLASSES 
 
  
ĠSTANBUL TEKNĠK ÜNĠVERSĠTESĠ  FEN BĠLĠMLERĠ ENSTĠTÜSÜ 
TeO2-BaO CAMLARININ TERMAL, 
MĠKROYAPISAL VE OPTĠK KARAKTERĠZASYONU 
 
 
YÜKSEK LĠSANS TEZĠ 
Müh. Cumhur EġĠN 
(506031104) 
MAYIS 2005 
 
Tezin Enstitüye Verildiği Tarih:    9 Mayıs 2005 
Tezin Savunulduğu Tarih:  31 Mayıs 2005 
 
 
      Tez DanıĢmanı: Prof. Dr. Lütfi ÖVEÇOĞLU 
Diğer Jüri Üyeleri: Prof. Dr. Serdar ÖZGEN  
 Prof. Dr. Gönül ÖZEN  
  
  
 
 iii 
ACKNOWLEDGEMENTS 
I am greatly indebted to Prof. Dr. M. Lütfi Öveçoğlu, my advisor, for providing 
guidance, advice, criticism and encouragement during this investigation. 
I would like to express my special thanks to Hasan Gökçe, İdris Kabalcı and Burcu 
Öz for providing technical support and for sharing their knowledge with me at any 
moment during the course of this dissertation work. 
I would like to thank Şakir Murat Telli who has conducted X-ray analyses. 
I would like to thank Çiğdem Çakır who helped me to carry out SEM analyses. 
I would like to thank to the Metallurgical and Materials Department of Istanbul 
Technical University for its encouragement and support. 
I would like to thank my friends; Emre Can Yürüker and Batu Orbay for their 
motivation and support while I was writing my thesis. 
At last, but not least, my thanks belong to my family for their motivation, confidence 
and necessary moral support in order to excel in my education and career. 
 
May, 2005        Cumhur Eşin 
 
 iv 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS        iii 
 
INDEX OF TABLES         vi 
 
INDEX OF FIGURES                   vii 
 
ÖZET            ix 
 
SUMMARY            x 
 
1. INTRODUCTION          1 
 
2. THEORETICAL INFORMATION        4 
 
    2.1. Thermal Analysis          4 
 
        2.1.1. Differential Thermal Analysis (DTA)       4 
             2.1.1.1. Apparatus          5 
  2.1.1.2. Experimental Factors        6 
             2.1.1.3. Interpretation and Presentation of Data      6 
        2.1.2. Thermogravimetry         8 
        2.1.3. Evolved Gas Analysis         9 
 
    2.2. Microstructural Characterisation        9 
 
        2.2.1. X-Rays and Diffraction         9 
             2.2.1.1. Historical Introduction           9 
             2.2.1.2. Origin of X-Ray Spectra                 10 
  2.2.1.3. The fine structure of characteristic X-Rays               14 
  2.2.1.4. Use of X-Rays for Structural Analysis                16 
  2.2.1.5. Diffraction and Bragg’s Law                16 
        2.2.2. Scanning Electron Microscope (SEM)                19 
 2.2.2.1. Historical Introduction to Scanning Electron Microscopy             19 
 2.2.2.2. Properties of Scanning Electron Microscopy                20 
 2.2.2.3. Electron beam generation                20 
 2.2.2.4. Field emission gun                24 
 2.2.2.5. Cathode comparison                 25 
 
3. EXPERIMENTAL                   27 
 
    3.1. Glass Preparation                   27 
 
    3.2. Thermal Analysis                   28 
 v 
 
    3.3. Crystallisation Investigations                            28 
 
    3.4. Optical Measurements                  30 
 
4. RESULTS AND DISCUSSION                  31 
 
    4.1. Thermal Stability                   31 
 
    4.2. Crystallisation Investigations                 38 
 
    4.3. Optical Microscope and SEM Studies                42 
 
    4.4. Crystallisation Kinetics                  45 
 
    4.5. Absorption Spectra Results                  49 
 
5. CONCLUSION                    50 
 
REFERENCES                    52 
 
APPENDIX                     54 
 
RESUME                     58 
 vi 
INDEX OF TABLES 
                     Page 
Table 1.1 : Distances between components in the structure of α-TeO2…….......3 
Table 2.1 : Selection rules for diffraction peaks in cubic systems……….…....18 
Table 2.2 : SEM cathode comparison…….…………………………….…......26 
Table 4.1 : Compositional dependence of the glass transition temperature 
  (Tg) for the heating rate of 10 °C/min……………………….…….33 
Table 4.2 : Compositional dependence  of  the  onset  of  the  first and  
  second crystallisation temperature for the heating rate of 
  10 °C/min.........................................................................................34 
Table 4.3 : Compositional dependence  of  the  melting point (Tm)  
  for the heating rate of 10  °C/min....................................................35 
Table 4.4 : Compositional dependence of ΔT and the Hruby parameter  
  for the heating rate of 10 °C/min……………………………….…37 
Table 4.5 : EDS study for the surface crystalline region of the  
  0.90TeO2-0.10BaO sample……………….…………………….…44 
Table 4.6 : EDS study for the cross-section crystalline region of the  
  0.90TeO2-0.10BaO sample…………………….……………….…45 
Table 4.7 : Compositional dependence of Avrami constant n…….…………..47 
 
 
 
 vii 
INDEX OF FIGURES 
                    Page 
Figure 1.1 : Schematic picture of the TeO2 unit in the structure of α-TeO2 ……2 
Figure 2.1 : Schematic illustration of a DTA cell……………………………….5 
Figure 2.2 : X-rays generated by inner shell electron transitions……………....11 
Figure 2.3 : Generation of X-rays…………………………………………..…..12 
Figure 2.4 : Electronic transitions giving rise to characteristic X- ray  
  spectra………………………………………………………..……13 
Figure 2.5 : X-ray spectrum of Mo target as a function of applied Voltage.......14 
Figure 2.6 : Origin of Bremsstrahlung; the continuous part of the X-ray  
  Spectrum…………………………………………………………..14 
Figure 2.7 : Soft X-rays from 3s - 2p transitions in solid Na and Na vapour.....15 
Figure 2.8 : Bragg's law, assuming the planes of atoms behave as  
  reflecting planes……………………………………………….…..17 
Figure 2.9 : Typical SEM electron gun………………………………………...21 
Figure 2.10 : Electrostatic potentials in SEM electron gun……….…………….22 
Figure 2.11 : LaB6 cathode construction………………………….………….….24 
Figure 2.12 : Field emission electron gun………………………………..……...25 
Figure 3.1 : Pseudo ternary TeO2-TiO2-BaO system and its glass  
  forming regions………………………………………………..…..27 
Figure 3.2 : DTA (Rigaku Thermal Analyser)……………………………..…..28 
Figure 3.3 : X-ray diffraction (XRD) (Philips 
TM
 Model PW3710)……….…...29 
Figure 3.4 : Optical Microscope………………………………………….….…29 
Figure 3.5 : Scanning Electron Microscope (SEM) with Energy  
  Dispersive Spectrometer (EDS) detector……………………….…30 
Figure 4.1 : DTA curves of 0.90TeO2-0.10BaO with different heating rates.....31 
Figure 4.2 : DTA curves of 0.85TeO2-0.15BaO with different heating rates….32 
Figure 4.3 : DTA curves of 0.80TeO2-0.20BaO with different heating rates….32 
Figure 4.4 : DTA curves of 0.75TeO2-0.25BaO with different heating rates….33 
Figure 4.5 : Compositional dependence of the glass transition temperature 
  (Tg) for the heating rate of 10 °C/min..…………………..……......34 
Figure 4.6 : Compositional dependence of the onset of the first  
  crystallisation temperature (Tc1) for the heating rate of  
  10°C/min…………………………………………………………..35 
Figure 4.7 : Compositional dependence of the onset of the melting point (Tm)  
  for the heating rate of 10 °C/min. ……………………….….……..36 
Figure 4.8 : Compositional dependence of the glass stability (ΔT). …….……..36 
Figure 4.9 : Compositional dependence of the Hruby parameter (Kgl)…...…....38 
Figure 4.10 : XRD patterns of crystallised 0.90TeO2-0.10BaO glass sample…..39 
Figure 4.11 : XRD patterns of crystallised 0.85TeO2-0.15BaO glass sample..…39 
Figure 4.12 : XRD patterns of crystallised 0.80TeO2-0.20BaO glass sample…..40 
Figure 4.13 : XRD patterns of crystallised 0.75TeO2-0.25BaO glass sample…..41 
Figure 4.14 : XRD powder pattern at various temperatures of a 95%TeO2- 
  WO3 glassy sample annealed 24 hours at 350 °C…………..….….42 
 viii 
Figure 4.15 : Optical Microscope image taken from the surface  
  crystalline region of the 0.90TeO2-0.10BaO sample heated up 
  to 431 °C and quenched in air……………………………………...43 
Figure 4.16 : Optical Microscope image taken from the surface  
  crystalline region of the 0.90TeO2-0.10BaO sample  
  heated up to 485 °C and quenched in air………..…………………43 
Figure 4.17 : SEM micrographs taken from the surface crystalline region  
  (a) with 1000 and (b) with 2000 magnification of the  
  0.90TeO2-0.10BaO sample heated up to 485 °C and  
  quenched in air………….………………………….…………..…..44 
Figure 4.18 : SEM micrographs taken from the cross-section crystalline 
   region of the 0.90TeO2-0.10BaO sample heated up to  
   485 °C and quenched in air……………...……….…………….….45 
Figure 4.19 : The modified Kissinger plot pertaining to the first exotherm  
  of the (a) 0.90TeO2-0.10BaO,…………………….…………….…47 
  (b) 0.85TeO2-0.15BaO, (c) 0.80TeO2-0.20BaO and  
  (d) 0.75TeO2-0.25BaO samples……………………………...…....48 
Figure 4.20 : Absorption spectra of some of the studied glasses;  
  compositions given in the figure (in molar ratio)..………..…….…49 
 
 
 ix 
TeO2-BaO CAMLARININ TERMAL, MİKROYAPISAL VE OPTİK 
KARAKTERİZASYONU 
 
 
ÖZET 
Ağır metal, alkali ve toprak alkali metal oksit içeren tellürit sistemleri optik cam 
oluşumu için uygun malzemelerdir. Bu oksitlere bağlı camlar görünür ve yakın-
kızılötesi bölgelerde kolaylıkla geçirgen olarak üretilebilirler (5.5 μm’ye kadar). 
Dolayısıyla, bu malzemeler opto-elektronik uygulamalar için güvenilirdirler ve son 
yıllarda da birçok araştırmaya konu olmuşlardır. Silikat, borat ve florit bazlı camlara 
karşın tellürit camları düşük ergime sıcaklığı, düşük cam geçiş sıcaklığı, yüksek 
dielektrik sabiti ve önemli optik özelliklere sahiptirler. Atmosfer nemine direçlerinin 
yanı sıra matrislerine yüksek konsantrasyonlarda nadir toprak elementi alarak 
özellikle lazer uygulamaları için çok uygun bir ortam hazırlarlar. 
Tellürit camlarının bu özellikleri kristalizasyon gibi yapısal etkilerle kolaylıkla 
değişebilir. Önemli olan nokta, bu camların çekirdeklenme ve kristalizasyon 
mekanizmalarını özümseyerek çekirdek oluşumu ve de tane büyüme 
mekanizmalarını önleyerek (örn. optik-fiber, lazer camı ve optik switch cihazı için) 
pratik uygulamalara yönelik olarak camların kararlılıklarını ortaya çıkarmaktır. 
Bu çalışmada, TeO2-BaO ikili sistem camlarının termal özellikleri, kristalizasyon 
kinetikleri, mikroyapısal morfolojileri ve optik özellikleri DTA, XRD, SEM ve de 
UV Spektrometresi yardımıyla ortaya çıkarılmıştır. 
DTA ölçümleri sonucunda, camların cam geçiş, kristalizasyon ve ergime sıcaklıkları 
yardımıyla cam kararlılıkları hesaplanmıştır. Bunun dışında, XRD çalışmalarında 
kristal yapılar saptanmıştır. Kristalizasyon mekanizması bütün cam 
kompozisyonlarında yüzey kristalizasyonu olarak hem kinetik hem de optik 
çalışmalar sonucunda belirlenmiştir. Son olarak da, bazı camların soğurma aralıkları 
UV Spektrometresi yardımıyla saptanmıştır. 
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THERMAL, MICROSTRUCTURAL AND OPTICAL 
CHARACTERISATION OF TeO2-BaO GLASSES 
 
 
SUMMARY 
  
Tellurite systems including heavy element oxides and alkaline and earth-alkaline 
metal oxides are interesting for optical glass formation. Glasses based on them can 
be easily obtained transparent in the visible and near infrared regions (up to 5.5 μm). 
They are therefore promising materials for optoelectronic devices and have been the 
subject of numerous studies during the last few years. In comparison with silicate, 
borate and floride glasses, tellurite glasses have low melting point, low glass 
transition temperature, high dielectric constant and interesting non-linear optical 
properties. They are resistant to atmospheric moisture and capable of incorporating 
large concentrations of rare-earth ions into the matrix especially for laser 
applications. 
These properties of tellurite glasses can be easily influenced by structural effects 
such as crystallisation. Knowing the nucleation and the crystallisation phenomena in 
such glasses is important for understanding the stability of a glass for practical 
applications where the formation of nuclei and their subsequent growth to crystals 
must be avoided (such as in optical fibres, laser glasses, optical switching devices). 
In the present study, thermal and microstructural properties, crystallisation kinetics 
of crystallizing phases and microstructural morphology of glass samples of (1-
x)TeO2-(x)BaO  (x = 0.10, 0.15, 0.20 and 0.25) binary system were investigated 
using differential thermal analysis (DTA), X-Ray diffractometry (XRD) and 
scanning electron microscopy (SEM) techniques. In addition, absorption spectra 
experiments were carried out with UV-VIS Spectrophotometer. 
Using DTA measurements glass stability of each glass composition was determined. 
Moreover, the crystallisation mechanism occurring in all glass samples was found to 
be dominantly surface crystallisation and crystallisation activation energies were 
calculated by the kinetic studies. Lastly, the absorption range for some representative 
glasses was determined by UV-VIS Spectrophotometer. 
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1. INTRODUCTION 
Glass is a class of material whose members exhibit large diversity in regard of 
mechanical and optical characteristics. These materials switch to solid state without a 
crystallisation process, are typically brittle and transparent or translucent and 
sometimes regarded as liquids [1]. 
Glasses have been in use for a very long time, but transparency is a property which 
showed itself much later. Dilich et al. (1989) cite an ancient Assyrian hieroglyphic 
text, translated to read “take sixty parts of sand, and 5 parts of chalk, and you get 
glass.” Egyptians were one of the first cultures to produce transparent glass. The 
explanation of transparency that glasses exhibit came after 1970 [2]. 
The improvement of glass properties is an important research topic, as glasses are 
already being widely used in many high-tech devices. Highly requested properties 
include better light regulation, higher strength and improved durability in hostile 
environments. In order to achieve better characteristics through analyzing of existing 
glasses characteristics, several high-tech production methods are being used such as 
super high purification, high precision processing, tightly controlled processes and 
addition of new materials [2]. 
In response of the huge amount of data transmission happening worldwide, large 
amount of research has been done to improve the light transmission properties of 
optical fibres, optical properties of waveguide devices and quality of optical fibre 
amplifiers. Quite a lot of effort has been devoted to adjust and improve the gain 
spectra of Er-doped fibre amplifiers (EDFA) [3-5]. Silica based fibres have the 
disadvantage of having high energy phonons, which limits the rare earth ions that 
could be used for optical amplification. In order to broaden the amplification 
bandwidth of rare earth-doped fibres, fluoride and some heavy metal oxides have 
been studied, which are known to have low energy phonons. Although researches 
prove to be successes, better thermal stability and optical performance is still 
 2 
required to develop better optical devices. Tellurite glasses are considered as a good 
candidate for future photonics because they have wide transmission window, good 
durability high refractive index and comparatively low phonon energy. EDFA’s with 
broader bandwidth have been manufactured using tellurite based fibres as erbium 
hosts [6,7]. Important factors in high quality fibre drawing are low Tg and high 
thermal stability against crystallisation, which tellurite glasses have. Thus, more 
stable and efficient tellurite glass systems have been a very popular research topic 
lately [8]. 
The invention of tellurite glasses began in 1834 when Berzelius realized that TeO2 , 
combined with other metal oxides like BaO, can form glass. Later, binary systems 
Na2O-TeO2 and K2O-TeO2 were observed by Lehnners [9]. Next advancement was 
the report on the crystal structure of the tetragonal tellurium dioxide α-TeO2 
(paratellurite) by Stehlik and Balak in 1946. In 1961, 13 reflections were obtained by 
neutron diffraction. Subsequent X-ray analyses of α-TeO2 and orthorhombic β-TeO2 
(tellurite) by Lanqvist (1968) resulted in detailed information about the structures of 
these materials. In a mixture created by dissolving metallic tellurium in concentrated 
nitric acid, crystals of α-TeO2 were obtained in the form of colourless tetragonal 
bipyramids, the basal planes of which had the crystallographic a- and b-axes as 
edges. The indexing of cell constants resulted in (1) a – 4.8122 ± 0.0006 Å, (2) c – 
7.6157 ± 0.0006 Å, and (3) V – 176.6 Å3 (c=speed of light, V=volume of unit cell). 
α-TeO2 structure consists of  TeO4 subunits in which O atoms were shared by two 
units, this structure is illustrated in Figure1.1, and with distances between atoms as 
summarized in Table 1.1 (Lanqvist 1968) [2]. 
 
  
 
 
 
 
 
 
Figure 1.1: Schematic picture of the TeO2 unit in the structure of α-TeO2 (Lanqvist 
1968) 
Te
O(1)
O (2)
O (3)
O (4)
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Table 1.1: Distances between Components in Structure of α-TeO2 
  Components     Distance (Å) 
  TeO1 ↔ TeO2      1.903 
  TeO3 ↔ TeO4      2.082 
  Te ↔Te     3.740, 3.827, 4.070 
  O1 ↔ O2      2.959 
  O1-O3 ↔ O2-O4     2.686 
  O1-O4 ↔ O2-O3     2.775 
  O3 ↔ O4      4.144 
 Source: From O. Lanqvist, Acta Chem. Scand., 22, 977, 1968 
The main glass forming element of the system is tellurium dioxide, which has a 
melting point of 733 °C (Dutton and Cooper 1966). This oxide needs another oxide 
to form glass [9]. 
The stability of tellurium oxides is an important property, and potential usefulness of 
these compounds in ultrasonic-light deflectors was first suggested by Arlt ans 
Schweppe (1968) and Uchida and Ohmachi (1969). Later, properties like extremely 
slow shear wave propagation velocity of these crystals along the [110] direction, low 
acoustic losses, and their high refractive index (n) were discovered by Podmaniczky 
(1976) and Warner et al. (1972). It was noted by these researchers that such 
properties could be useful for light modulation [2]. 
Tellurite glasses are now under consideration for application in pressure sensors or as 
new laser hosts due to their unique properties. Crystalline structures have been 
analysed and well understood, but amorphous materials like glass still provide many 
challenges. Through analysis and understanding of these materials can provide us 
with opportunities for new applications like tellurite-glass-based optical fibres [2]. 
In the present study, thermal and microstructural properties, crystallisation kinetics 
of crystallizing phases and microstructural morphology of glass samples of (1-
x)TeO2-(x)BaO  (x = 0.10, 0.15, 0.20 and 0.25) binary system were investigated 
using differential thermal analysis (DTA), X-Ray diffractometry (XRD) and 
scanning electron microscopy (SEM) techniques with energy dispersive spectrometer 
(EDS) detector. In addition, absorption spectra were investigated with UV-VIS 
Spectrometry. 
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2. THEORETICAL INFORMATION 
2.1. Thermal Analysis Techniques 
Thermal analysis determines physical properties of materials by observing its 
behaviour in a temperature regime and comparing it to other materials. There are 
several different thermal analysis methods.  
In differential thermal analysis method, measurement of temperature difference 
between two materials (one of them being the reference) in identical heat treatment is 
measured. Differential scanning calorimetry provides the necessary energy for 
keeping the materials at the same temperature.  
Dimensional changes can also be detected, methods like dilatometry, X-ray or 
neutron diffraction can be used for that purpose. When samples are decomposed at 
high temperatures, thermogravimetry and evolved-gas analysis method can be 
applied to obtain additional data about material properties. In order to determine 
defect density and phase transitions, changes in electrical conductivity can be 
evaluated [10]. 
2.1.1. Differential Thermal Analysis (DTA) 
Test sample and the reference are subjected to the same heating or cooling and the 
temperature difference between these are recorded. The temperature difference can 
be displayed graphically using it as one axis and time or temperature as the other 
axis. Changes in the sample which lead to the absorption or evolution of heat can be 
detected relative to the inert reference. 
When the response to heat treatment is different, two materials may have different 
temperatures, thus DTA can determine properties and phase changes even when 
there is no change in enthalpy. Transition temperatures can be seen at DTA graph as 
discontinuities, and the slope of the curve at any point will depend on the 
microstructural constitution at that temperature.  
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In cases where diffraction analysis is difficult in discriminating two similar 
structures, DTA graph can be used to identify these structures.  
The area under a DTA peak can be due to the enthalpy change and is not affected by 
the heat capacity of the sample [10]. 
2.1.1.1. Apparatus 
General components of a differential thermal analysis kit are as follows (Fig. 2.1): 
 Sample holder comprising thermocouples, sample containers and a ceramic 
or metallic 
block. 
 Furnace. 
 Temperature programmer. 
 Recording system. 
Stable and large hot-zone and response to temperature programmer are necessary 
properties of the furnace to conduct a reliable experiment. Since constant heating 
rates are necessary, the system must have a temperature programmer [10]. 
 
Fig. 2.1: Schematic illustration of a DTA cell [10]. 
Two thermocouples are present for sample and reference. A surrounding block 
provides even heat distribution. The crucible in which the sample is placed is made 
of a material like Pyrex, silica, nickel or platinum. Prevention of contamination is 
important in obtaining accurate results. Ceramic blocks have porosity, which makes 
them more prone to baseline drift than metal blocks, which usually have higher 
thermal conductivity, resulting in smaller peaks in DTA graph [10]. 
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A ceramic material with plate coating can be used to isolate the assembly from the 
furnace. This isolation also provides controlled atmosphere or a vacuum [10]. 
Temperatures as low as -200 and as high as 500 °C can be reached in this 
experiment. One of the main problems is ensuring uniform heat transfer from the 
sample. Flat disc shaped thermocouples in contact with the flat sample container can 
reduce the severity of this problem. To ensure reproducibility, it is then necessary to 
ensure that the thermocouple and container are consistently located with respect to 
each other [10]. 
2.1.1.2. Experimental Factors 
Some parameters like size, surface to volume ratio and sample environment can 
effect powder decomposition reactions, but not affect phase changes. The experiment 
data obtained from powder could be different from data obtained from bulk samples 
where phase changes may be influenced by the build up of strain energy. It is 
difficult maintain the same packing state for subsequent tests of the same powder, 
this can result in some variation in data [10]. 
Another problem that can occur is too high rate of heat evolution, which cannot be 
correctly measured by the system. In this case, dilution of the sample with an inert 
material can solve that problem. For the measurement of phase transformation 
temperatures, it is advisable to ensure that the peak temperature does not vary with 
sample size [10]. 
Sample weight and the heating rate used can alter the shape of a DTA peak. Both 
lower sample weight and lower heating rate improve the accuracy of the peak, but 
this can result in a lower signal to noise ratio. The influence of heating rate on the 
peak shape and disposition can be used to advantage in the study of decomposition 
reactions, but for kinetic analysis it is important to minimize thermal gradients by 
reducing specimen size or heating rate [10]. 
2.1.1.3. Interpretation and Presentation of Data 
Linear portions displaced from abscissa in DTA graph may be present because of 
different thermal characteristics of the sample and reference, and peaks indicate 
physical or chemical changes in the test sample [10]. 
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When deducing transition temperatures using DTA curves, several possible problems 
should be considered. While the DTA peaks show the start of changes in material, 
one should keep in mind that temperature lag can occur because of the positions of 
the thermocouple and sample. It is wise to calibrate the apparatus with materials of 
precisely known melting points. The peak area (A), which is related to enthalpy 
changes in the test sample, is that enclosed between the peak and the interpolated 
baseline. When the differential thermocouples are in thermal, but not in physical 
contact with the test and reference materials, it can be shown that A is given by 
       (2.1) 
where m is the sample mass, q is the enthalpy change per unit mass, g is a measured 
shape factor and K is the thermal conductivity of sample. In case of porous samples, 
gas can fill the pores, which results in errors in peak area. Also, if gases evolve from 
the sample, thermal conductivity of the environment may change, resulting in further 
errors and false results [10]. 
The DTA apparatus is calibrated for enthalpy by measuring peak areas on standard 
samples over specified temperature ranges. The calibration should be based upon at 
least two different samples, conducting both heating and cooling experiments. 
It is possible to measure the heat capacity CP at constant pressure using DTA: 
      (2.2) 
where T1 and T2 are the differential temperatures generated when the apparatus is 
first run without any sample at all and then with the test sample in position. H is the 
heating rate and the constant K' is determined by calibration against standard 
substances [10]. 
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2.1.2. Thermogravimetry 
In thermogravimetry (TG), changes occurring in weight of the sample while heating 
or cooling are observed and used to analyze the material. Derivative 
thermogravimetry uses the first derivative of the TG curve [11]. 
Thermogravimetry seems to have been used first in 1912 in the study of the 
efflorescence of hydrated salts and has since been an aid in the quantitative 
investigation of decomposition reactions; it is at its best when used in conjunction 
with calorimetric analysis. 
The main components of this test system are a precision balance, a furnace with a 
programming facility, a reaction chamber and a suitable recording system. The 
system should be able to detect any weight changes during the heat treatment. Two 
different types are the null-point balance and the deflection balance. In null point 
balance, the weight in sample cause the balance beam to move, this is countered by 
force and this force is recorded. The deflection instrument can be more robust and 
reliable because it is based on a conventional analytical balance [11]. 
While the thermocouple can be placed in contact with sample, care should be taken 
to apply as small a torque as possible. There are several factors that can alter the 
shape of TG graph. Temperature gradients, air buoyancy, convection currents within 
the furnace tube and other factors contribute to the so called buoyancy effect in 
which the weight of an inert, empty crucible changes with temperature. This effect 
can be recorded and used as a correction curve to obtain high accuracy results [11]. 
TG gives absolute changes in sample weight so that the calculated extent of reaction 
is not affected by the heating rate used, although the start and finish temperatures are 
a function of heating rate because of kinetic barriers [11]. 
Thermal stability, ageing characteristics, decomposition, reactivity and the structures 
of compounds can be readily determined with a TG system. Determining of the 
moisture content of powders, water of hydration and of carbon monoxide and carbon 
dioxide evolution from carbonates are other possible uses of TG. In organic 
chemistry the technique has been widely used to study the degradation of polymers 
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and to investigate the pyrolysis of coals, peats and bitumens. TG can also be used to 
record isothermal and isobaric weight changes [11]. 
It should be noted that when conducting an experiment in air or other atmosphere, 
weight changes may occur because of the displaced gas. This can result the sample to 
seem like it is gaining weight while heating [11]. 
2.1.3. Evolved Gas Analysis 
Analyzing the gases which arise through the thermal decomposition of compounds 
can provide useful information. Evolved Gas Analysis (EGA) apparatus can be of 
two kinds: 
a) Gas is evolved inside the gas detector or analyzing apparatus, thus enabling 
detection of transient species evolved during the course of the decomposition 
reaction. Control of the temperature, pressure and degree of dilution of the sample 
environment may prove to be difficult.  
b) Gas is led into a separate detection system, enabling more flexible apparatus 
design, the possibility of pre-treating the gas before analysis, and generally better 
control of the specimen environment. However, secondary reaction during the 
transfer of gas cannot be detected and analyzed.  
Popular detectors are thermal conductivity, gas density and ionization detectors. Also 
it is possible to store gases in solvents for chemical analysis, and mass spectrometers 
for high-resolution analysis is common [11]. 
2.2. Microstructural Characterization 
2.2.1.  X-Rays and Diffraction 
2.2.1.1. Historical Introduction 
Wilhelm Röntgen by coincidence discovered the X-rays at the University of 
Würtzburg (Germany) in 1895. Röntgen was studying on cathode rays (beams of 
electrons) that take progress in discharge tubes. Accidentally Röntgen realized that 
every time an electrical discharge was sent through the tube, a fluorescent screen as 
ZnS + Mn
++
 exist on a table, some distance from the tube which spread a flash of 
light.  He started to intensify on this totally new and unknown ray “X” which 
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developed by chance. The same year in December this exploration was announced by 
a brief ten page publication [12]. 
Immediately after the publication of this exploration “X-Rays”, a huge reaction and 
interest was demonstrated by authorities. First practicing was the photographing of 
the bones in living hand which was made by its explorer Wilhelm Röntgen. The 
usage of the X-Rays then rapidly spread in medicine. In a period of fifteen years after 
the exploration, very little basic information was obtained about the characteristics of 
X- Ray. The evidences were not sufficient enough to name the rays as waves because 
different suggestions could be made due to the evidences. Then, the most 
considerable experiments of modern physics were made by Max von Laue, at the 
University of Munich, in 1912. Laue suggested Paul Knipping ( made a doctoral 
thesis with Röntgen) and Walter Friedrich (assistant of Sommerfield) to use a crystal 
of copper sulfate to direct the X–Rays towards it and try to get a recorded scattered 
beams on a photographic plate. Those premier experiments were not successful. 
However, satisfying results were obtained from the successive experiments. 
Knipping and Friedrich examined that when X-Ray beam struck the film, it produced 
some spots developed by the diffracted X-Ray beams that gather around a large spot 
in the centre. After these experiments, it is proved that the X-Rays consisted of 
waves and furthermore the atoms in the crystal systems are in line up on a space 
lattice [12]. 
2.2.1.2. Origin of X-Ray Spectra 
W. Kossel, in 1920, was the first scientist who explained the X-Ray spectra 
according to Bohr Theory correctly. Kossel mentioned that the electrons in an atom 
are in lined up in shells as K, L, M, N, refers to n = 1, 2, 3, 4, …, etc. The theory 
accepts that energy differential between consecutive shells increase due to decreasing 
in n. During the electron transition from n = 2 to n = 1 there would be high energy 
radiation with short wavelength (Fig 2.2), however, electron transition from n = 4 to 
n = 3, a low energetic radiation with long wavelength would be observed. For 
hydrogen the wave number of the emitted radiation associated with a specific 
electron transition is given by the Rydberg equation: 
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     (2.3) 
 
Figure 2.2: X-rays generated by inner shell electron transitions. 
For “hydrogen-like” atoms with the atomic number Z (containing one electron only) 
the corresponding Rydberg equation becomes: 
     (2.4) 
The above equation shows that difference in energy due to the transition of electrons 
increases significantly with the atomic number and the wavelength of the radiation 
which is emitted while transitions moves with increasing Z from the 10
–7
 m range to 
the 10
–10
 m range (radiation now defined as X-rays) [12]. 
Manage to make these transitions happen in inner shells, an electron vacancy must 
generate, that in, an act of removing of electron must take place. An X-Ray tube is 
suitable to produce this kind of vacancies by the help of an electron beam. This 
electron beam is produced from cathode which is also the heated filament. An 
increasing potential of several kV is applied and the electron beam is directed to 
anode which is also the target material (Fig. 2.3). These directed electrons are 
impinging electrons and these electrons make an energy transfer with the anode, the 
target material. As a result of this transfer there exists an electronic incident.  During 
this energy transfer, if some of the electrons which arrive to target material have 
sufficient energy, they can remove an electron from K shell which results in an 
electron vacancy. K excitation can occur if the L shell is filled [(n = 1) (n = ∞)]. 
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After a vacancy is produced the same electron from the low energy shells can fill the 
vacancy. By the help of these inner electronic excitations, a characteristic X-radiation 
can be obtained. Electron transitions yield a high energetic radiation with short 
wavelength, which have a high “penetrating” power. (During the process of 
producing X-ray by electron beams the tube must be evacuated: due to impede the 
energy flux coming towards to target material, the anode support is water-cooled) 
[12]. 
 
Figure 2.3: Generation of x-rays. 
There are two vital importance of the characteristic radiation spread from the anode, 
which are Kα and Kβ (Fig. 2.4).  They are associated, respectively, with electron 
transitions from n = 2 to n = 1 and from n = 3 to n = 1. 
H.G.J. Moseley made significant studies on Emitted X-ray Spectra and he proved 
that the atomic number Z of the radiation emitting target material (Fig. 2.3) and the 
wavelength of characteristic radiation have a strong relationship with each other.   
Moseley showed the relation of Kα lines for different target materials: 
    (2.5)    
This experimental approach which Moseley had found is concordant with the 
Rydberg’s equation and it can also be measured quantitatively [12]. The “screening” 
effect of inner electrons affect considerably the energy levels associated with outer 
electron transitions. This inner electron is changeable and impossible to be 
established from first principles. The “screening” effect of the inner electrons   on the 
nuclear charge is accounted for in an effective nuclear charge (Z-σ) and the Rydberg 
equation assumes the form: 
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   (2.6) 
 
Where σ = screening effect 
 
Figure 2.4: Electronic transitions giving rise to characteristic X- ray spectra. 
Another glance for X-Ray spectrum of Mo target, an increasing potential of 35 kV 
(Fig. 2.4) is applied to cathode, and the obtained characteristic radiation (Kα, Kβ) 
shows superimposed on a continuous spectrum of much lower and with various 
intensities. This spectrum is called as bremsstrahlung (braking radiation) and its 
origin is as the following [12]. 
As mentioned above, the electrons coming towards to anode, target material; lose 
their energy due to transitions of electrons. In many cases the electrons, impinging on 
the target material, approach to force fields of target nuclei, whereby, the electrons 
lose its velocity to some degree. Due to losing velocity there would be an energy lost, 
thus this energy lost emitted as radiation bremsstrahlung (braking radiation). This 
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energy conversion, as indicated, can range from partial to complete (Fig. 2.6).  These  
electrons have an energy of e*V (electronic charge times accelerating Voltage) in the 
form of kinetic energy (mv
2
/2), and their total energy conversion gives rise to a 
Shortest Wavelength ( SWL) – the cut-off of the continuous spectrum for decreasing 
ig. 2.5). Analytically, we have: 
 (2.7) 
From this relationship it is evident that the cut-off of the continuous spectrum toward 
decreasing λ’s (λSWL) is controlled by the accelerating potential (Fig. 2.5). 
 
Figure 2.5: X-ray spectrum of Mo target as a function of applied Voltage. 
 
Figure 2.6: Origin of Bremsstrahlung; the continuous part of the X-ray spectrum. 
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2.2.1.3. The fine structure of characteristic X-Rays  
Characteristic X-ray spectral lines is usually accepted as discrete lines (Kα, Kβ, Lα, 
Lβ, etc.), however, the electron shells involved in the associated electron transitions 
have energy sublevels (s, p, d orbital). For this reason they are not discrete.  These 
sublevels give rise to a “fine structure” insofar as the Kα  doublets 
composed of Kα1 and Kβ2 lines. Similarly, Lα, Lβ, etc., exhibit a fine structure [12]. 
An X-Ray spectrum carries information about the energetic of the electronic states. A 
quantitative chemical analysis method, SEM (scanning electron microscopy), has a 
process where the unknown composition is used as target material.  X-rays, 
generated by the focused electron-beam, are analyzed in an appropriate spectrometer. 
In basic researches soft (long λ) X-ray spectra is analyzed as well. For instance, the 
formation of X-rays in Na (sodium). The series of Kα β lines is obtained by 
the generation of electron vacancy.  The cascading electron generates vacancies in 
the 2p level, which in turn can be filled by electrons entering from the 3s level 
(generation of “soft” X-rays).  If the X-rays are formed in a Na vapour
transition will result with  a sharp line, however, if X-rays are examined in sodium 
metal instead of the vapour; in this case the same transition yield  in the emission of a 
continuous broad band, about 30 Å in width. This finding confirms the existence of 
an energy band [12]. 
An analysis of the width and intensity distribution of the X-ray band provides 
experimental data concerning the energy band width and the energy state density 
distribution within the energy band (Fig. 2. 7). 
 
Figure 2.7: Soft X-rays from 3s - 2p transitions in solid Na and Na vapour. 
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2.2.1.4. Use of X-Rays for Structural Analysis  
The wide spread usage of X-rays for analyzing the atomic structural arrangements is 
based on diffraction when interacting with systems which are spaced at distances of 
the same magnitude as the wavelength of the specific radiation considered. X-ray 
diffraction does not occur in crystalline solids unless the atomic spacing is not in the 
10
–10
 m range, as are the wavelengths of X-rays [12]. 
2.2.1.5. Diffraction and Bragg’s Law 
There are various X-ray diffraction methods to determine the atomic structure of 
crystalline. Electron and neutron diffraction can be used either to get supplementary 
structure information. As mentioned above the average spacing between atoms is 
about 10
–10
m (1 Å) and the resolution to get useful information from any radiation is 
equal to wavelength of the radiation. For this reason in all cases, wavelength of the 
radiation that is used must be in the range of 0.1 – 10 Å. During X-ray analysis it is 
impossible to focus X-rays by adjusting lenses or magnify images. It is also 
impossible to have direct look to the atoms.  Rather, it is considered the interference 
effects of X-rays when scattered by the atoms, comprising a crystal lattice. This is 
analogous to studying the structure of an optical diffraction grating by examining the 
interference pattern produced when it is shined visible light on the grating. (The 
spacing of lines on a grating is about 0.5 to 1 μm and the wavelength of visible 
radiation ranges from 0.4 to 0.8 μm.) In the optical grating the ruled lines act as 
scattering centres, whereas in a crystal it is the atoms (more correctly, the electrons 
about the atom) which scatter the incident radiation [12]. 
Bragg found the geometrical conditions required for diffraction to take place in 
crystal systems. He considered a single wavelength beam of X-rays of common front 
to be incident on a crystal (Fig.2.8). Furthermore, Bragg mentioned that the atoms 
which form the scattering centres can also described by sets of parallel planes which 
reflect the X-rays. In cubic systems the spacing of these planes, d(hkl), is related to 
the lattice constant [12]. 
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   (2.8) 
 
Figure 2.8: Bragg's law, assuming the planes of atoms behave as reflecting planes. 
For constructive interference of the scattered X-rays (the appearance of a diffraction 
peak) it is required that the beams, scattered on successive planes, be “in phase” 
(have again a common wave front) after they leave the surface of the crystal. In 
terms of the beams labelled 1 and 2 in Fig. 2.8 this requires that the distance AB + 
BC be equal to an integral number of wavelengths (λ) of the incident radiation [12]. 
Accordingly: 
 (2.9) 
The equation above is called as Bragg’s Law and used to obtain the angular position 
of the diffracted bea
diffraction n = 1 is used. So Bragg’s Law becomes: 
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     (2.10) 
It is convenient to make n = 1 because it is possible to make comment on diffraction 
peak for n = 2, 3, …, etc. as diffraction from (nh nk nl) planes – i.e., from planes 
with one-nth the interplanar spacing of d(hkl) [12]. 
The aim of the diffraction experiment which is mentioned presently is to get 
quantitative information on the volume such as the lattice constant “a” and shape 
characteristics of the unit cell such as simple cubic, body centred etc. The obtained 
diffraction peaks of intensity related with the phase relations between the radiations 
which is scattered by all atoms in the unit cell. Bragg’s law deals not with atom 
positions, but only with the size and shape of the unit cell. Therefore, sometimes the 
intensity of a specific peak, even its presence is expected by Bragg’s law,  is zero.  
For example, consider the intensity of the (100) diffraction peak of a crystal which 
has a BCC unit cell. The phase relationships show that the X-rays scattered at the top 
and bottom faces of the unit cell, (100) planes, interfere constructively, but are 180° 
out of phase with the X-rays scattered by the atom at the centre of the unit cell. The 
resultant intensity is therefore zero. The rules which govern the presence of particular 
diffraction peaks in the different cubic Bravais lattices (SC, BCC and FCC) are given 
in Table 2.1 [12]. 
Table 2.1: Selection Rules for Diffraction Peaks in Cubic Systems. 
Bravais Lattice   Reflections Present   Reflections Absent 
Simple Cubic              All     None 
Body-Centred Cubic            (h+k+l) = even                 (h+k+l) = odd 
Face-Centred Cubic                   h,k,l unmixed          h,k,l mixed 
          (either all odd 
       or all even) 
Above explanations can only be appropriate for unit cells in which a single atom can 
be connected with each lattice point. In the case of unit cells with more than one 
atom for each lattice point there could be trouble such as cancelling of reflections.  In 
the example of diamond, which has an FCC Bravais lattice with two atoms for each 
lattice point, all its reflections have unmixed indices, the {200}, {222} and {420} 
reflections for these indices are missing.  The fact that all reflections present have 
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unmixed indices indicates that the Bravais lattice is FCC – the extra missing 
reflections give additional information as to the exact atom arrangement [12]. 
2.2.2. Scanning Electron Microscope (SEM) 
2.2.2.1 Historical Introduction to Scanning Electron Microscopy  
The first scanning electron microscope (SEM) was developed in 1942 by Zworykin 
et al [13].. The instrument had an inverted column, three electrostatic lenses and 
electromagnetic scan coils placed between the second and third lenses. There was an 
electron gun at the bottom. A photomultiplier tube detected the scintillations caused 
by the secondary electron emissions. A previous instrument by M. von Ardenne in 
1938 was actually the first scanning transmission electron microscope (STEM), using 
the electrons passing through a thin sample [13].  
C. W. Oatley started the construction of an SEM based on Zworykin's At Cambridge 
University in 1948 [13]. A resolution of 500 Angstroms was obtained. Further work, 
reported by K. C. A. Smith, contributed significant changes to the electron optics 
[13]. The electromagnetic coils substituted the electrostatic lenses, a double 
deflection scanning system and stigmator coils were added. In addition, Smith used 
non-linear signal processing (gamma processing) to help improve imaging [13].  
The next steps were the improvements at the signal collection process. A light pipe 
was added to the original phosphor screen/photomultiplier used by Zworykin. This 
light pipe brought improved efficiency for direct optical coupling between the 
scintillator and the photomultiplier tube. This change was accomplished by T. E. 
Everhart and R. F. M. Thornley, and the detector arrangement has their names as the 
Everhart-Thornley detector [13].  
All of these improvements were assembled in one instrument. Once again at 
Cambridge University, R. F. W. Pease and W. C. Nixon designed the SEM V, using 
the inverted column, electromagnetic lenses, double deflection scan system, 
stigmation coils and the Everhart-Thornley detector. This instrument then was the 
basis for the first commercial SEM, the Cambridge Scientific Instruments Mark I, 
first available in 1965 [13].  
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2.2.2.2 Properties of Scanning Electron Microscopy  
Electron microscopy benefits from the wave nature of rapidly moving electrons. 
Where visible light has wavelengths from 4,000 to 7,000 Å, electrons accelerated to 
10,000 KeV have a wavelength of 0.12 Å. Optical microscopes have their resolution 
limited by the diffraction of light to about 1000 diameters magnification. Electron 
microscopes, so far, are limited to magnifications of around 1,000,000 diameters, 
primarily. Because of spherical and chromatic aberrations scanning electron 
microscope resolutions are currently limited to around 25 Å, though, for a variety of 
reasons [13].  
The scanning electron microscope gives a beam of electrons in a vacuum. That beam 
is collimated by electromagnetic condenser lenses, focused by an objective lens, and 
scanned across the surface of the sample by electromagnetic deflection coils, 
respectively. The primary imaging method is due to collecting secondary electrons 
released by the sample. The secondary electrons are detected by a scintillation 
material producing flashes of light from the electrons. Those light flashes are then 
detected and amplified by a photomultiplier tube [13].  
By correlating the sample scan position with the resulting signal, an image can be 
gained that is similar to the image of an optical microscope. The illumination and 
shadowing provide a natural looking surface topography.  
SEM has other imaging modes available. Specimen current imaging uses the 
intensity of the electrical current induced in the specimen by the illuminating 
electron beam. Backscatter imaging utilizes high energy electrons that emerge nearly 
180 degrees from the illuminating beam direction. The backscatter electrons are used 
for the function of the average atomic number of each point on the sample, and thus 
for the compositional information [13].  
2.2.2.3. Electron beam generation 
The electron gun in a scanning electron microscope is the source producing the 
electron beam. Electrons are emitted from a cathode, accelerated through electrical 
fields and focused to a first optical image of the source. The primary determining 
factors in the performance and resolution are the size and shape of the apparent 
source, beam acceleration and current [13].  
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Tungsten filament cathode 
 
  Figure 2.9: Typical SEM electron gun. 
Figure 2.9 shows a typical electron gun of a SEM. A tungsten wire filament, with a 
diameter of around 100 micrometers, is spot welded to metal posts. These posts in a 
ceramic holder provide electrical connections. In operation, the filament is heated by 
an electrical current. Optimum filament temperature for the thermionic emission of 
electrons may be 2700 degrees Kelvin [13].  
The Wehnelt cylinder is exposed to a accelerating voltage, generally between -500 
Volts and -50,000 Volts DC. Resistive self-biasing is normally preferred where an 
adjustable bias resistance connects the filament to the accelerating voltage. This 
biasing brings the filament slightly more positive than the Wehnelt. The anode is 
connected to electrical ground [13].  
Electrons emitted from the filament would tend to stay in the area of the filament 
without the Wehnelt and anode. This forms a cloud of electrons whose mutual 
repulsion prevents any further emission from the filament. The anode pulls the 
electrons away from the filament - causing the main acceleration for the electron 
beam. But the current flow that would result would be very low and dependent on the 
accelerating voltage. The grid, or Wehnelt, shaping the beam and increasing the 
beam current, the space charge of the filament is controlled [13].  
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Figure 2.10:  Electrostatic potentials in SEM electron gun. 
Figure 2.10 shows the equipotential force lines between the various parts of an 
electron gun. The equipotential lines provide a contour map of the intensity, or flux, 
of the electrical field. The gradient, or direction, of the electrical field will always be 
perpendicular to these lines and is the direction of the most rapid change of the 
potential. Electrons leaving the filament will be accelerated along the gradient 
towards the anode. This beam of electrons will be focused to a cross-over just before 
the anode, giving the first optical image of the source and ensuring that the majority 
of the electrons will pass through the aperture of the anode [13].  
Adjusting the bias resistance and the voltage differential between the filament and 
the grid allows the beam current to be shifted from a small de-focused beam current 
to cut-off. Cut-off represents the value at which the more strongly negative fields of 
the grid prevent any electrons from reaching the anode by reversing the gradient 
completely around the filament. The tungsten wire filament is the most common 
cathode material in use. However, there are several variations and different materials 
used. Oxide and thoriated coatings have been determined to increase the emissivity 
of tungsten, whereas such coatings have not found much commercial use [13].  
LaB6 Cathode: 
In 1951, Lafferty established that the rare earths, and particularly lanthanum 
hexaboride (LaB6), had high thermionic emission characteristics and sufficiently low 
vapour pressures to be desirable cathode materials for electron microscopy [13].  
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LaB6 cathodes are getting quite common. They benefit from a single crystal LaB6 
rod, of approximately 1 mm in diameter. This cathode can not be heated as directly 
as a tungsten filament, so a special mount or separate heater is needed to ensure the 
1700-2100 degrees Kelvin required. The tip of the rod is polished to a point, then a 
small angled flat is usually polished at the point. The flat gives a defined area for 
emission. Otherwise the emission would occur from a narrow undefined area around 
the point and resolution would be decreased [13].  
LaB6 cathodes show higher brightness than tungsten cathodes. Longer cathode life is 
another advantage, but both come at a cost. The LaB6 cathode operates at a higher 
vacuum  (10
-6
 to 10
-7
 Torr) than the tungsten (10
-5
 Torr). This can only be achieved 
with different and more expensive vacuum system design and components [13].  
A LaB6 electron gun benefits from the same basic cathode/grid/anode configuration 
used in a tungsten wire gun. Because of the high reactivity of the borides at the 
cathode temperatures used and their brittle nature, the mounting and heating of the 
cathode is crucial. Three different methods are in common use [13].  
The Broers design uses a tungsten coil wrapped around the pointed end of a long 
(around 2 cm) LaB6 rod [13]. This model utilizes the heat radiation and electron 
bombardment from the tungsten coil to heat the very end of the tip. The conduction 
of heat through the cathode holder, located at the other end of the rod, helps to 
decrease the problems of the reactivity of the material [13].  
Vogel proposed a short LaB6 rod heated directly by passing a current through the 
LaB6 rod, perpendicular to the length of the rod. This is achieved by using rigid 
electrical connectors that also support for the rod. Pyrolytic graphite is in between 
the conductors and the rod to avoid the problems of chemical reactivity with the 
LaB6 and the conductors [13].  
In the design of Ferris et al., the support for a short LaB6 rod is provided by a ribbon 
or strip through which an electrical current is passed for heating. The rod is heated by 
conduction from the ribbon. The ribbon material is selected to be chemically inactive 
with the LaB6, such as graphite or tantalum [13].  
 24 
 
Figure 2.11:  LaB6 cathode construction. 
2.2.2.4. Field emission gun 
The basic mechanism of field emission was discovered in 1897 by Wood, who found 
that a high voltage applied between a pointed cathode and a plate anode caused a 
current to flow. Later, in 1937, Müller found that placing a phosphor screen some 
distance from a pointed high voltage source forms a magnified image of the tip 
surface [13]. 
These two discoveries illustrate two important properties. The first, that field 
emission results from electrons 'tunnelling' past the work function of the metal tip 
helped by the high electrical field gradients. The second is that while electrons are 
emitted from the surface, their apparent source is a single point beneath the surface. 
Because of the electrical fields present, electrons tend to be emitted tangential to the 
surface which causes an apparent source at the focus of the hemisphere. This 
apparent source will actually not be a point because of thermally caused differences 
in the electron's momentum [13].  
Hibi suggested in 1954 that a heated tungsten point, rather than a bent tungsten wire, 
might produce a smaller source size and higher brightness [13]. This cathode actually 
incorporates both thermionic and field emissions and is referred to as a 'Schottky' or 
T-F (thermal - field) cathode [13].  
Also in 1954, Cosslett and Haine proposed the application of a field emission 
cathode for electron microscopy [13]. Due to the requirement for an extremely high 
vacuum, on the order of 10
-9
 Torr, no practical use was possible until 1966. At that 
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time, Crewe managed to design a usable system [13]. At present time, field emission 
guns are getting common in electron microscopy as the costs of the associated very 
high vacuum equipment are going down.  
Fig. 2.12 shows a simplified schematic of a field emission (FE) gun. The FE tip is 
generally consists of a single crystal tungsten wire sharpened by electrolytic etching. 
A tip diameter of 100 to 1000 Å is used, with the apparent source size much less than 
that. A simple tungsten tip can be affected due to surface contamination. More than 
any other cathode design, the field emission tip is extremely sensitive to the size, 
shape and surface condition. The electrostatic anodes are also very sensitive to 
contamination [13].  
 
Figure 2.12: Field emission electron gun. 
The emission process is dependent to the work function of the metal, which can be 
affected by adsorbed gases. This is the reason a very high vacuum is necessary. 
Maintaining high electrical field gradients is also vital to emission. 
As with the tungsten filament gun, the voltage difference or bias between the first 
anode and the accelerating voltage on the cathode is the parameter for the emission 
current. The second anode is at ground potential and the voltage difference from here 
to the cathode causes the acceleration given the electrons. The shape of the anodes is 
carefully chosen to minimize aberrations [13].  
2.2.2.5. Cathode comparison 
The following table shows simplified comparisons of the various cathodes in use. In 
general, the smaller and brighter the apparent source, the higher the ultimate 
resolution. Many other factors are involved, in most cases a well designed modern 
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instrument is limited more by the instrumental aberrations. In practical applications, 
resolution of most instruments is limited by environmental effects - vibrations and 
electromagnetic fields [13].  
Brightness of a cathode is defined as the current density per solid angle. More 
specifically:  
   (2.11) 
Vacuum required is dependent to the cost and complexity of an instrument. While a 
tungsten filament cathode can be available with a simple diffusion pump, the higher 
vacuum requirements can mean more efficient vacuum system pumps and seals.  
Table 2.2: Gun comparison 
SEM Cathode Comparison 
 
Tungsten 
filament  
LaB6  Schottky (TF)  Field Emission  
Apparent 
Source Size  
100 
micrometers  
5 micrometers  
<100 
Angstroms  
<100 Angstroms  
Brightness  
1 A/cm
2
 
steradian  
20-50 A/cm
2
 
steradian  
100-500 A/cm
2
 
steradian  
100-1000 A/cm
2
 
steradian  
Vacuum 
Required  
10
-5
 Torr  10
-6
 Torr  10
-8
 Torr  10
-9
 Torr  
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3. EXPERIMENTAL 
3.1. Glass Preparation 
Transparent glasses were prepared with the compositions of (1-x)TeO2-(x)BaO 
where x = 0.10, 0.15, 0.20 and 0.25 in molar ratio. All chemicals used were reagent 
grade of TeO2 (99.999 % purity, Aldrich Chemical Company) and BaCO3 (98.5 % 
purity, Lach-Ner, s.r.o.). The stoichiometric compositions of the batch materials (7 g) 
were well mixed thoroughly and the mixed raw materials were then heated in a 
platinum crucible up to 900-950 °C with a heating rate of 10 °C/min, to drive off 
CO2. The resultant mixture was melted for about 1 hour at the maximum 
temperature. The glasses were obtained by quenching the resulting melt by dipping 
the crucible into water. 
The range of the composition was determined from a previous journal focusing on 
pseudo ternary TeO2-TiO2-BaO glasses. Figure 3.1 reveals the glass-forming regions 
both by classic and roller technique. In the present study, the range for TeO2-BaO 
system was investigated by the classic technique. 
                  
Figure 3.1: Pseudo ternary TeO2-TiO2-BaO system and its glass forming regions 
[14]. 
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3.2. Thermal Analysis 
The thermal behaviour of the glass samples were studied by differential thermal 
analysis (DTA) (Rigaku Thermal Analyser). About 50 mg of the composition with x 
= 10 mol.% and 120 mg of the other compositions were heated in a platinum pan at 
heating rates of 5, 10, 15 and 20°C/min in the 25-900 °C temperature range. Totally, 
there were 16 analyses for all compositions. The glass transition temperatures (Tg) 
and the crystallisation temperatures (Tc) were determined from the tangent 
intersections of the DTA curves. The melting temperatures (Tm) were obtained from 
the peak temperature of the endothermic peak. 
 
Figure 3.2: DTA (Rigaku Thermal Analyser) 
3.3. Crystallisation Investigations 
Having determined the crystallisation temperatures (Tc) from the DTA curves, 
crystallised samples were prepared for all crystal structures by heating up the glass 
samples up to 15-20 °C above the crystallisation temperatures and holding them 
there for about 20 minutes. The pulverized samples of those crystallised structures 
were then investigated by X-ray diffraction (XRD) (Philips 
TM
 Model PW3710) 
using CuKα radiation at 40kV and 40mA settings in the 2θ range from 10 to 90°. The 
crystallised phases were identified by comparing the peak positions and intensities 
which are obtained from XRD patterns with those in the JCPDS (Joint Committee on 
Power Diffraction Standards) data files.   
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Figure 3.3: X-ray diffraction (XRD) (Philips 
TM
 Model PW3710) 
In order to determine the crystals optically, samples were prepared for Optical 
Microscope studies. Both surface and cross-section images were taken of all of the 8 
crystallisations. Cross-sectional sides of the samples were prepared by cutting and 
polishing the rough surfaces, whereas the surfaces were investigated without any 
treatment. 
 
Figure 3.4: Optical Microscope 
In addition, for the Scanning Electron Microscope (SEM) investigations, optical 
mount specimens were prepared by using standard metallographic techniques and 
were coated with carbon.  SEM investigations were conducted in a JROL
TM
 Model 
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JSM-T330 operated at 25 kV and linked with a Zmax 30 Boron-up light element 
Energy Dispersive Spectrometer (EDS) detector. 
 
Figure 3.5: Scanning Electron Microscope (SEM) with Energy Dispersive 
Spectrometer (EDS) detector. 
3.4. Optical Measurements 
Transparent glasses with the compositions of (1-x)TeO2-(x)BaO where x = 0.10, 0.15 
and 0.20 in molar ratio were prepared for the absorption spectrum experiments. All 
of these glasses were polished to optical quality before subjecting them to the optical 
measurements. The sample thickness was in the range of 3-4 mm. The absorption 
spectra of the glasses were recorded with a UV–VIS Spectrophotometer (Jasco V-
530) in the spectral range 300–1100 nm.  
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4. RESULTS AND DISCUSSIONS 
4.1. Thermal Stability 
Figures 1, 2, 3 and 4 show the DTA curves of all of the four compositions by four different 
heating rates. The curves in Fig. 1 reflect the typical nature of a normal glass with a small 
broad endothermic peak at the beginning, representing the glass transition temperature (Tg), 
exothermic crystallisation peaks and eventually an endothermic melting peak, respectively. 
All of the four compositions (x = 10, 15, 20 and 25 mol. %) showed two crystallisation peaks. 
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Figure 4.1: DTA curves of 0.90TeO2-0.10BaO with different heating rates. 
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Figure 4.2: DTA curves of 0.85TeO2-0.15BaO with different heating rates. 
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Figure 4.3: DTA curves of 0.80TeO2-0.20BaO with different heating rates. 
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Figure 4.4: DTA curves of 0.75TeO2-0.25BaO with different heating rates. 
The glass transition temperature of these glasses slightly changed with the increase of BaO 
content as shown in Fig. 5. It varied from 322 to 332.5 °C by the heating rate of 10 °C/min. 
The trend in which the glass transition temperature changes for 10 °C/min could also be seen 
by other heating rates. 
Table 4.1: Compositional dependence of the glass transition temperature (Tg) for the heating 
rate of 10 °C/min. 
BaO (Mol %) Glass Transition T (ºC) 
10 323 
15 322 
20 324 
25 332.5 
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Figure 4.5: Compositional dependence of the glass transition temperature (Tg) for the heating 
rate of 10 °C/min. The solid lines are guides for the eye. 
Figure 4.6 shows the compositional variation of the onset of the first crystallisation 
temperature of the glasses. First crystallisation temperatures for different compositions were 
found in the range of 389-446 °C, whereas the second ones vary from 461 to 487 °C. The first 
crystallisation temperature decreased with increasing BaO content. The change of second 
crystallisation temperatures, however, showed neither direct nor indirect proportion with the 
increase of the BaO content from 10 to 25 mol.%. 
Table 4.2: Compositional dependence of the onset of the first and second crystallisation 
temperature for the heating rate of 10 °C/min. 
BaO (Mol %) 1. Crystallisation T (ºC) 2. Crystallisation T (ºC) 
10 446 482 
15 412 461 
20 392 471 
25 389 487 
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Figure 4.6: Compositional dependence of the onset of the first crystallisation temperature 
(Tc1) for the heating rate of 10 °C/min. The solid lines are guides for the eye. 
With the help of DTA curves, melting temperatures (Tm) were obtained from the peak 
temperature of the endothermic peaks where melting process is supposed be completed.  
Fig. 4.7 reveals the compositional variation of the melting point of the glasses. Melting point 
temperatures were found in the range of 581-603 °C. A correlation was found between the 
melting points and the BaO content. Tm values increased with increasing BaO content. 
Table 4.3: Compositional dependence of the melting point (Tm) for the heating rate of 10 
°C/min. 
BaO (Mol %) Melting Point Tm (ºC) 
10 581 
15 583 
20 590 
25 603 
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Figure 4.7:  Compositional dependence of the melting point (Tm) for the heating rate of 10 
°C/min. The solid lines are guides for the eye. 
The parameter ΔT (Tc-Tg) is normally used to evaluate the glass stability against 
crystallisation. ΔT represents the temperature interval during which the nucleation takes place 
[15]. Fig. 4.8 reveals the ΔT values for all compositions by the heating rate of 10 °C/min as a 
function of the BaO content. It is noticed from Fig. 4.8 that the ΔT value decreases with 
increasing BaO content. The most stable glass in this system has a ΔT value of 123 °C. 
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Figure 4.8: Compositional dependence of the glass stability (ΔT). The solid lines are guides 
for the eye. 
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The glass stability can also be evaluated using the Hruby parameter, Kgl [16], given by 
       (4.1) 
It is important to note that Kgl is strongly dependent on the heating rate. In the present 
investigations, the calculations were made according to the values obtained by the heating rate 
of 10 °C/min.  
It was proved that for thermally stable glass forming systems the value of Kgl is more than 0.1 
[17] and hence thermally stable glass forming systems are characterized by high values of Kgl 
and vice versa. However, the glass forming ability is normally determined by measuring the 
critical cooling rates. Recent research on the various glass compositions correlates the critical 
cooling rate with the glass stability (Kgl). It was proved both experimentally and theoretically 
that there exists an empirical relation between Kgl and critical cooling rate [18,19]. Therefore, 
it is not implausible to use Kgl for judging the glass forming ability [15].  
Fig. 4.9 shows the BaO content dependence of Kgl. The system showed a decrease in the 
value of Kgl with the increase of the BaO content. The most stable glass in this system has a 
Kgl value of 0.91. 
Table 4.4: Compositional dependence of ΔT and the Hruby parameter for the heating rate of 
10 °C/min. 
BaO (Mol %) ΔT Kgl (Hruby Parameter) 
10 123 0.91 
15 90 0.53 
20 68 0.34 
25 56.5 0.26 
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Figure 4.9: Compositional dependence of the Hruby parameter (Kgl). The solid lines are 
guides for the eye. 
4.2. Crystallisation Investigations 
According to the data obtained from the DTA curves, two crystallisations were determined for 
every composition in this system. Because four different compositions are present, there are 
totally eight crystallisations to be investigated. Having heated up the glass samples to 20 °C 
higher then their crystallisation temperatures and held there for 15-20 minutes, the crystal 
structures were pulverized and investigated by XRD studies.  
The crystal structures expected from the system were α-, γ- and δ-tellurite as dominant 
phases. In our case, α- and γ-tellurite were eminent which can be seen from the XRD patterns. 
Fig. 4.10 shows the two XRD patterns of 0.90TeO2-0.10BaO sample which correspond to its 
two crystallisations. The patterns of these compositions are almost identical whereas there are 
differences of intensities between the dominant peaks of each one. It is visible that the 
dominant phases of α-tellurite are by 26, 30 and 48° which are characteristic for this structure. 
(JCPDS-ICDD Copyright 1994, 42-1365) 
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Figure 4.10: XRD patterns of crystallised 0.90TeO2-0.10BaO glass sample. 
However, there is a completely different behaviour by the 0.85TeO2-0.15BaO sample. Fig. 
4.11 reveals the two patterns of this composition at different temperatures. It is obvious that 
there is a significant structural change between the patterns. At 449 °C, the characteristic 
angles 26, 30 and 48° become visible. The dominant γ-tellurite peak by 28° (JCPDS-ICDD 
Copyright 1994, 9-433) which is visible at the lower temperature did not disappear but lost 
some intensity by the second crystallisation. It can be concluded that both α- and γ-tellurite 
structures are present in the second crystal of the 0.85TeO2-0.15BaO sample. 
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Figure 4.11: XRD patterns of crystallised 0.85TeO2-0.15BaO glass sample. 
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The behaviour of the composition 0.80TeO2-0.20BaO resembles the behaviour of the 
0.85TeO2-0.15BaO. In Fig. 4.12 there is again only one dominant peak at about 27.5° at the 
lower temperature which matches with the characteristic angle of polymorth γ-tellurite phase. 
When annealed at 464 °C, the structure changes in a similar way which was clearly seen by 
the 0.85TeO2-0.15BaO sample. There is again some rise of the characteristic peaks of α-
tellurite with increasing temperature whereas the change in intensity of those characteristic 
peaks are weaker than by the previous composition. 
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Figure 4.12: XRD patterns of crystallised 0.80TeO2-0.20BaO glass sample. 
Interestingly, the system shows almost no structural change between the two patterns of 
0.75TeO2-0.25BaO sample taken at different temperatures. In Fig. 4.13 the pattern at the 
lower temperature reveals one dominant peak which is the characteristic peak of the 
polymorth γ-tellurite phase. By the higher temperature, almost the same picture is observed 
whereas there is a slight change between the two patterns. 
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Figure 4.13: XRD patterns of crystallised 0.75TeO2-0.25BaO glass sample. 
If the XRD patterns of the first crystallisations are considered, it is obvious that the (1-
x)TeO2-(x)BaO system within the range of x = 10-25 mol.% tends to build γ-tellurite with 
increasing BaO content rather than α-tellurite which is the most stable phase of tellurite.  
For the compositions with 10, 15 and 20 mol% BaO in which α- and γ-tellurite are both 
present at the first crystallisation temperature in the system, α-tellurite tends to be more 
dominant by increasing the temperature up to the second crystallisation temperature. This is 
plausible since γ-tellurite is a metastable phase which transforms to the α-tellurite phase 
which is most stable phase of tellurites.  
The transformation of γ- and δ-tellurite to α-tellurite can be seen from Fig. 14 which gives the 
XRD powder pattern at various temperatures of a 95%TeO2-WO3 glassy sample annealed 24 
hours at 350 °C [20]. 
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Figure 4.14: XRD powder pattern at various temperatures of a 95%TeO2-WO3 glassy sample 
annealed 24 hours at 350 °C. 
4.3. Optical Microscope and SEM Studies 
Having heated up the glass samples to 20 °C higher then their crystallisation temperatures and 
held there for 15-20 minutes, both surface and cross-section images were taken. Cross-
sectional sides of the samples were prepared by cutting and polishing the rough surfaces, 
whereas the surfaces were investigated without any treatment. Fig. 4.15 and Fig. 4.16 show 
the surface images of crystallised glass samples with 10 mol% BaO content for the first and 
the second crystallisation, respectively. In these figures, dendrites can easily be seen. This 
kind of crystallisation behaviour was determined on surfaces by all BaO contents. 
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Figure 4.15: Optical Microscope image taken from the surface crystalline region of the 
0.90TeO2-0.10BaO sample heated up to 431 °C and quenched in air. 
 
Figure 4.16: Optical Microscope image taken from the surface crystalline region of the 
0.90TeO2-0.10BaO sample heated up to 485 °C and quenched in air. 
In addition, these crystallised samples were prepared for the SEM analysis to investigate those 
crystal structures in a more detailed way. Fig. 4.17 shows the Scanning Electron Microscope 
images of the sample with 10 mol% BaO content. In the SEM micrographs, the dendrites and 
the ends of dendrites are clearly visible. The formation of dendrites shows that the 
crystallisation behaviour is in one direction. 
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      (a) 
 
      (b) 
Figure 4.17: SEM micrographs taken from the surface crystalline region (a) with 1000 and 
(b) with 2000 magnification of the 0.90TeO2-0.10BaO sample heated up to 485 °C and 
quenched in air. 
EDS studies of the SEM micrographs seen in Fig. 4.17 revealed that there is almost no Ba 
content on those dendritic structures which means that there is an almost complete TeO2 
crystallisation on these surfaces. 
Table 4.5: EDS study for the surface crystalline region of the 0.90TeO2-0.10BaO sample. 
Element Weight % 
O 12.1 
Te 87.81 
Ba 0.09 
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This is not the case for the cross-section crystalline region of the sample seen in Fig. 4.17. 
There are no dendritic structures on the cross-section. In addition, EDS studies showed that 
there is about 11 weight % Ba on the cross-section. 
 
 
Figure 4.18: SEM micrographs taken from the cross-section crystalline region of the 
0.90TeO2-0.10BaO sample heated up to 485 °C and quenched in air. 
Table 4.6: EDS study for the cross-section crystalline region of the 0.90TeO2-0.10BaO 
sample. 
Element Weight % 
O 8.18 
Te 80.5 
Ba 11.32 
4.4. Crystallisation Kinetics 
DTA curves of the as-cast 0.9TeO2-0.1BaO, 0.85TeO2-0.15BaO, 0.80TeO2-0.20BaO and 
0.75TeO2-0.25BaO glasses samples scanned at the heating rates of 5, 10, 15, and 20 
o
C/min, 
respectively. As expected, both the Tg and Tp temperatures shift to higher values with 
increasing rate, a behaviour also reported in the DTA studies of other glass systems. 
The shift of peak temperatures with heating rate in a non-isothermal DTA study was first 
analyzed by Kissinger in the study of kinetics of chemical reactions. DTA is suitable for 
studying the crystallisation of glass and the DTA curves shown in Fig. 4.1, Fig. 4.2, Fig.4.3, 
and Fig. 4.4 can be used to determine the peak crystallisation temperatures. As shown by 
Matusita and Sakka, if the number of crystal nuclei formed at temperature above Tg can be 
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assumed constant in a glass matrix, then the rate of change of volume fraction of crystals can 
be defined as, 
    







RT
mQ
xK
dt
dx kn
exp1
1
                        (4.2) 
with its maximum at T=Tp for any non-isothermal DTA condition. Therefore, as stated by 
Matusita and Sakka Eq. 4.2  can be solved at (d
2
x/dt
2
) = 0 and re-expressed as, 
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assuming that the term  
k
c
x1  is constant for x-xc, T=Tp. The paratellurite (TeO2) crystals 
form as a result of surface crystallisation. Thus, n=m=1 for all heating rates can be assumed 
which leads to the Kissinger equation [2], 
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The value of the Avrami constant, n, can be determined by the Ozawa equation [2]: 
   
n
d
xd
T


ln
1lnln
                              (4.5) 
Where x is the volume fraction crystallised at a fixed temperature T, with the heating rate of 
 . x is the ratio of the partial area (volume fraction) at a certain temperature T the total area 
of a crystallisation exotherm. The Avrami constant n were found as 1.55, 1.66, 1.08 and 2.08 
for the 0.90TeO2-0.10BaO, 0.85TeO2-0.15BaO, 0.80TeO2-0.20BaO and 0.75TeO2-0.25BaO 
samples, respectively. The first and second n values must be rounded up to 2 indicating that 
surface crystallisation is present with one-dimensional propagation. This is also true for the 
0.75TeO2-0.25BaO sample whereas the composition with 20 mol% BaO has the n value of 1 
indicating surface crystallisation. 
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Table  4.7: Compositional dependence of Avrami constant n. 
Sample Avrami constant n 
0.90TeO2-0.10BaO 1.55 
0.85TeO2-0.15BaO 1.66 
0.80TeO2-0.20BaO 1.08 
0.75TeO2-0.25BaO 2.08 
 
Tp and   values are used to plot ln( /Tp
2
)  as a function of 1/Tp to calculate the activation 
energy for crystallisation. In Figure 4.19 (a), (b), (c) and (d) parameters measured in four 
different non-isothermal DTA analysis provide a linear fit of data points (where R=8.31 J/K-
mol, gas constant). The activation energies (Q) were calculated as 311, 465.8, 211.4 and 493.6 
kJ/mol for the first crystallisations of 0.90TeO2-0.10BaO, 0.85TeO2-0.15BaO, 0.80TeO2-
0.20BaO and 0.75TeO2-0.25BaO samples, respectively. These activation energy values are 
plausible when compared with the values of TeO2 based glasses found in literature. 
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Figure 4.19: The modified Kissinger plot pertaining to the first exotherm of the (a) 0.90TeO2-
0.10BaO, (b) 0.85TeO2-0.15BaO, (c) 0.80TeO2-0.20BaO and (d) 0.75TeO2-0.25BaO samples. 
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4.5. Absorption Spectra Results 
The absorption spectra (uncorrected for reflection and scattering losses) of three 
representative compositions (x = 0.10, 0.15 and 0.20) for the (1-x)TeO2-(x)BaO glass system 
are shown in Fig. 4.20. All these glasses have good transparency from 1100 nm  (the highest 
possible wavelength available with the experimental setup)  down to 400 nm. The sample 
started to absorb completely at a characteristic wavelength called the ultraviolet transmission 
cutoff (λcutoff) [15]. For the 0.90TeO2-0.10BaO glass sample the cutoff wavelength is at 395 
nm. λcutoff shifted towards a shorter wavelength (379 nm) by 0.85TeO2-0.15BaO system. 
However, λcutoff increases to 400 nm when the BaO content is increased further to 20 mol% 
which corresponds to the third glass sample. The last λcutoff has a higher value then both the 
first and the second ultraviolet transmission cutoff wavelengths. There is no correlation 
between the λcutoff and BaO content. As Fig. 4.20 reveals, λcutoff values ranging between 379 
and 400 nm were determined in this (1-x)TeO2-(x)BaO system (x = 0.10, 0.15 and 0.20).   
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Figure 4.20: Absorption spectra of some of the studied glasses; compositions given in the 
figure (in molar ratio). 
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5. CONCLUSION 
 All of the compositions for the (1-x)TeO2-(x)BaO system (x = 0.10, 
0.15, 0.20, 0.25 in molar ratio) showed two crystallisations which are 
determined by DTA analyses. Glass transition temperature did not 
change significantly by different BaO content. It varied from 322 to 
332.5 °C by the heating rate of 10 °C/min. The first crystallisation 
temperature decreased from 446 to 389 °C with increasing BaO 
content. The second crystallisation temperature varied from 461 to 
487 °C. Melting points were found in the range of 581-603 °C. They 
increased with increasing BaO content. The most stable glass in this 
system has a ΔT value of 123 °C and a Kgl value of 0.91. The system 
showed a decrease in the value of both ΔT and Kgl with the increase 
of BaO content. Since it was proved that the value of Kgl is more than 
0.1 for thermally stable glass forming systems, all compositions in 
this glass system showed suitable glass stability, meaning that they are 
candidate materials for photonics applications. 
 XRD patterns revealed α-, γ-tellurite and BaTeO3 structures according 
to JCPDS (Joint Committee on Power Diffraction Standards) data 
files. In the 0.90TeO2-0.10BaO sample α-tellurite was dominant after 
both of the crystallisations. A completely different behaviour was 
seen 0.85TeO2-0.15BaO sample which shows γ-tellurite as a 
dominant structure. By the second crystallisation, the system converts 
partially to α-tellurite. This kind of behaviour is also seen by the 
0.80TeO2-0.20BaO whereas the last composition which has 25 mol.% 
BaO shows only the characteristic peak of the polymorph  γ-tellurite 
by both crystallisation patterns. 
 Optical Microscope and Scanning Electron Microscopy (SEM) studies 
revealed the dendritic crystallisations on the sample surfaces. With the 
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help of Energy Dispersive Spectrometry (EDS) it was shown that 
those dendritic structures on the surfaces contained almost no Ba. 
Therefore, the crystallisation of TeO2 is said to be dominantly on 
surfaces. 
 With the help of UV-VIS Absorption studies, it is determined that all 
these glasses have good transparency from 1100 nm down to 400 nm. 
For the 0.90TeO2-0.10BaO glass sample the cutoff wavelength was 
determined at 395 nm. λcutoff shifted towards a shorter wavelength 
(379 nm) for the 0.85TeO2-0.15BaO system. However, λcutoff 
increased to 400 nm when the BaO content is increased further to 20 
mol%. 
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APPENDIX 
42-1365               JCPDS-ICDD Copyright 1994                      QM=* 
 
TeO2 
 
Tellurium Oxide                                              Paratellurite, syn 
 
-------------------------------------------------------------------------------- 
Rad: CuKÓ1     Lambda: 1.540598        Filter: Mono.         d-sp: Diff. 
Cutoff: 22.1   Int: Diffractometer     I/Icor: 8.7 
Ref: Blanchard, F., Dept. of Geology, University of Florida, Gainesville, 
Florida, USA, ICDD Grant-in-Aid, (1990) 
-------------------------------------------------------------------------------- 
Sys: Tetragonal             S.G.: P41212 (92) 
a: 4.81011(8)     b:                c: 7.6122(4)      A:           C: 1.5825 
A:                B:                C:                Z: 4      mp: 
Ref: Ibid. 
 
Dx:  6.02     Dm:           SS/FOM: F30=85(.010,35) 
-------------------------------------------------------------------------------- 
ea:             nwB: $NM>2.05    ey:             Sign:      2V: 
Ref: Switzer, G., Swanson, H., Am. Mineral., 45 1272 (1960) 
 
 
 Press:   PgDn   PgUp   End   ESC   F2 (print PDF Card) 
42-1365               JCPDS-ICDD Copyright 1994                      QM=* 
 82 reflections in pattern.  Page 1 of 3.  Radiation=  1.54060 
 
+--------------------------------------Ê--------------------------------------+ 
¦ 2-theta ¦ Int.¦        h k l         ¦ 2-theta ¦ Int.¦        h k l         ¦ 
+---------+-----+----------------------Î---------+-----+----------------------¦ 
¦ 21.846  ¦   8 ¦        1  0  1       ¦ 53.878  ¦  11 ¦        2  2  0       ¦ 
¦ 26.186  ¦  95 ¦        1  1  0       ¦ 55.275  ¦  19 ¦   1  1  4,   2  2  1 ¦ 
¦ 28.739  ¦  14 ¦        1  1  1       ¦ 55.993  ¦   3 ¦        2  1  3       ¦ 
¦ 29.934  ¦ 100 ¦        1  0  2       ¦ 58.820  ¦   1 ¦        3  0  1       ¦ 
¦ 35.370  ¦   1 ¦        1  1  2       ¦ 59.472  ¦  <1 ¦        2  2  2       ¦ 
¦         ¦     ¦                      ¦         ¦     ¦                      ¦ 
¦ 37.359  ¦  15 ¦        2  0  0       ¦ 60.843  ¦   6 ¦        3  1  0       ¦ 
¦ 39.263  ¦   1 ¦        2  0  1       ¦ 62.143  ¦  10 ¦   2  0  4,   3  1  1 ¦ 
¦ 40.147  ¦  <1 ¦        1  0  3       ¦ 62.833  ¦   6 ¦        3  0  2       ¦ 
¦ 41.976  ¦   1 ¦        2  1  0       ¦ 64.104  ¦   1 ¦        1  0  5       ¦ 
¦ 43.692  ¦   4 ¦        2  1  1       ¦ 65.461  ¦  <1 ¦        2  1  4       ¦ 
¦         ¦     ¦                      ¦         ¦     ¦                      ¦ 
¦ 44.524  ¦   1 ¦   1  1  3,   2  0  2 ¦ 66.101  ¦   2 ¦   2  2  3,   3  1  2 ¦ 
 55 
¦ 47.753  ¦   8 ¦        0  0  4       ¦ 67.339  ¦  <1 ¦        1  1  5       ¦ 
¦ 48.586  ¦  47 ¦        2  1  2       ¦ 69.256  ¦   1 ¦        3  0  3       ¦ 
¦ 51.604  ¦  <1 ¦        1  0  4       ¦ 71.790  ¦   2 ¦        3  2  1       ¦ 
¦ 52.376  ¦  <1 ¦        2  0  3       ¦ 72.377  ¦   1 ¦        3  1  3       ¦ 
+--------------------------------------_--------------------------------------+ 
 Press:   PgDn   PgUp   Home   End   ESC   F2(print Card)  D21SQFV to convert 
43-1047               JCPDS-ICDD Copyright 1994                      QM=C 
 
 
9- 433                JCPDS-ICDD Copyright 1994                      QM=i 
 
TeO2 
 
Tellurium Oxide                                                       Tellurite 
 
-------------------------------------------------------------------------------- 
Rad: CuKÓ1     Lambda: 1.54056         Filter: Ni            d-sp: 
Cutoff:        Int: Diffractometer     I/Icor: 
Ref: Natl. Bur. Stand. (U.S.), Circ. 539, 9 57 (1960) 
 
-------------------------------------------------------------------------------- 
Sys: Orthorhombic           S.G.: Pbca (61) 
a: 5.607          b: 12.034         c: 5.463          A: 0.4659    C: 0.4540 
A:                B:                C:                Z: 8      mp: 
Ref: Ibid. 
 
Dx:  5.75     Dm:  4.90     SS/FOM: F30=23(.019,69) 
-------------------------------------------------------------------------------- 
ea: 2.00(5)     nwB: 2.18(2)     ey: 2.35(2)     Sign: +    2V: ~90° 
Ref: Dana's System of Mineralogy, 7th Ed., I 593 
 
 
 Press:   PgDn   PgUp   End   ESC   F2 (print PDF Card) 
9- 433                JCPDS-ICDD Copyright 1994                      QM=i 
 39 reflections in pattern.  Page 1 of 2.  Radiation=  1.54060 
 
+--------------------------------------Ê--------------------------------------+ 
¦ 2-theta ¦ Int.¦        h k l         ¦ 2-theta ¦ Int.¦        h k l         ¦ 
+---------+-----+----------------------Î---------+-----+----------------------¦ 
¦ 14.728  ¦   6 ¦        0  2  0       ¦ 51.131  ¦  10 ¦        1  6  1       ¦ 
¦ 21.929  ¦  12 ¦        0  2  1       ¦ 51.942  ¦  20 ¦        2  3  2       ¦ 
¦ 23.882  ¦  95 ¦        1  1  1       ¦ 52.230  ¦  18 ¦        3  1  1       ¦ 
¦ 27.165  ¦ 100 ¦        1  2  1       ¦ 53.413  ¦  10 ¦        1  1  3       ¦ 
¦ 29.676  ¦  50 ¦        0  4  0       ¦ 54.025  ¦  18 ¦        3  2  1       ¦ 
¦         ¦     ¦                      ¦         ¦     ¦                      ¦ 
¦ 31.937  ¦  25 ¦        1  3  1       ¦ 55.080  ¦  10 ¦        1  2  3       ¦ 
¦ 32.778  ¦  45 ¦        2  1  0       ¦ 56.906  ¦   8 ¦        0  6  2       ¦ 
¦ 33.982  ¦   6 ¦        0  4  1       ¦ 57.943  ¦   8 ¦        1  3  3       ¦ 
¦ 36.604  ¦  10 ¦        1  0  2       ¦ 58.626  ¦   4 ¦        1  7  1       ¦ 
¦ 39.170  ¦  25 ¦        2  3  0       ¦ 61.005  ¦  12 ¦        2  5  2       ¦ 
 56 
¦         ¦     ¦                      ¦         ¦     ¦                      ¦ 
¦ 44.142  ¦  20 ¦        1  5  1       ¦ 61.703  ¦   4 ¦        1  4  3       ¦ 
¦ 44.763  ¦  20 ¦        0  4  2       ¦ 63.387  ¦  10 ¦        2  7  0       ¦ 
¦ 47.046  ¦  25 ¦        2  1  2       ¦ 65.464  ¦   6 ¦        3  5  1       ¦ 
¦ 48.294  ¦   4 ¦        0  6  1       ¦ 66.266  ¦   8 ¦        1  7  2       ¦ 
¦ 49.903  ¦  10 ¦        2  5  0       ¦ 66.624  ¦   8 ¦        4  0  0       ¦ 
+--------------------------------------_--------------------------------------+ 
 Press:   PgDn   PgUp   Home   End   ESC   F2(print Card)  D21SQFV to convert 
 
 
36-884                JCPDS-ICDD Copyright 1994                      QM=* 
 
BaTeO3 
 
Barium Tellurium Oxide 
 
-------------------------------------------------------------------------------- 
Rad: CuKÓ      Lambda: 1.5418          Filter:               d-sp: Diff. 
Cutoff:        Int: Diffractometer     I/Icor: 
Ref: Wroblewska, J. et al., Rev. Chim. Miner., 16 112 (1979) 
 
-------------------------------------------------------------------------------- 
Sys: Orthorhombic           S.G.: 
a: 7.383          b: 9.743          c: 13.668         A:           C: 
A:                B:                C:                Z:        mp: 
Ref: Ibid. 
 
Dx:           Dm:           SS/FOM: F20=13(.008,190) 
-------------------------------------------------------------------------------- 
 
 
 
 
 Press:   PgDn   PgUp   End   ESC   F2 (print PDF Card) 
36-884                JCPDS-ICDD Copyright 1994                      QM=* 
 20 reflections in pattern.  Page 1 of 1.  Radiation=  1.54060 
 
+--------------------------------------Ê--------------------------------------+ 
¦ 2-theta ¦ Int.¦        h k l         ¦ 2-theta ¦ Int.¦        h k l         ¦ 
+---------+-----+----------------------Î---------+-----+----------------------¦ 
¦ 12.944  ¦  10 ¦        0  0  2       ¦ 51.223  ¦  10 ¦        4  0  2       ¦ 
¦ 24.964  ¦  50 ¦        2  0  1       ¦ 51.753  ¦  10 ¦        1  4  5       ¦ 
¦ 25.473  ¦  56 ¦        1  2  2       ¦ 53.480  ¦  12 ¦        4  2  1       ¦ 
¦ 26.057  ¦  68 ¦        0  0  4       ¦ 56.328  ¦  15 ¦        1  3  7       ¦ 
¦ 26.774  ¦  17 ¦        0  2  3       ¦ 59.557  ¦  10 ¦        1  5  5       ¦ 
¦         ¦     ¦                      ¦         ¦     ¦                      ¦ 
¦ 28.227  ¦  10 ¦        0  3  1       ¦         ¦     ¦                      ¦ 
¦ 30.220  ¦ 100 ¦        1  1  4       ¦         ¦     ¦                      ¦ 
¦ 30.764  ¦  22 ¦        1  3  1       ¦         ¦     ¦                      ¦ 
¦ 31.972  ¦  25 ¦        0  2  4       ¦         ¦     ¦                      ¦ 
 57 
¦ 38.871  ¦  25 ¦        3  0  2       ¦         ¦     ¦                      ¦ 
¦         ¦     ¦                      ¦         ¦     ¦                      ¦ 
¦ 40.644  ¦  18 ¦        0  1  6       ¦         ¦     ¦                      ¦ 
¦ 41.624  ¦  12 ¦        3  2  1       ¦         ¦     ¦                      ¦ 
¦ 42.760  ¦  10 ¦        3  1  3       ¦         ¦     ¦                      ¦ 
¦ 49.043  ¦  15 ¦        2  4  3       ¦         ¦     ¦                      ¦ 
¦ 50.108  ¦  25 ¦        2  3  5       ¦         ¦     ¦                      ¦ 
+--------------------------------------_--------------------------------------+ 
 Press:    PgUp   Home   End   ESC   F2 (print PDF Card)  D21SQFV to convert 
36-885                JCPDS-ICDD Copyright 1994                      QM=i 
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